Perinatal asphyxia can occur in babies and may result in death, or damage to brain and other organs. Sequelae of brain damage are cerebral palsy, mental retardation, and epilepsy. The exact mechanisms that lead to brain damage are not known with certainty, but activated oxygen species, if produced, could be involved. Oxygen free radicals can damage or kill cells via several pathways, which include lipid peroxidation of membranes and inactivation of enzymes and transport proteins and DNA and RNA alterations (1, 2). Generation of oxygen free radicals in brain, such as superoxide anion, have been detected during exposure to arachidonic acid (3), acute hypertension (4), ischemia/reperfusion (1, 5, 6), concussive brain injury (7), extravascular blood (8), and seizures (9). Prostaglandin endoperoxide synthase metabolism of arachidonic acid appears to be the major source of free radicals produced by cortex in cats and piglets (3-5, 8, 9). Whether oxygen free radicals are produced in brain during asphyxia and reventilation is unclear. Rosenberg et al. (10) and Thiringer et al.
Perinatal asphyxia can occur in babies and may result in death, or damage to brain and other organs. Sequelae of brain damage are cerebral palsy, mental retardation, and epilepsy. The exact mechanisms that lead to brain damage are not known with certainty, but activated oxygen species, if produced, could be involved. Oxygen free radicals can damage or kill cells via several pathways, which include lipid peroxidation of membranes and inactivation of enzymes and transport proteins and DNA and RNA alterations (1, 2). Generation of oxygen free radicals in brain, such as superoxide anion, have been detected during exposure to arachidonic acid (3), acute hypertension (4), ischemia/reperfusion (1, 5, 6), concussive brain injury (7) , extravascular blood (8) , and seizures (9) . Prostaglandin endoperoxide synthase metabolism of arachidonic acid appears to be the major source of free radicals produced by cortex in cats and piglets (3-5, 8, 9) . Whether oxygen free radicals are produced in brain during asphyxia and reventilation is unclear. Rosenberg et al. (10) and Thiringer et al. (1 1) have provided suggestive evidence using pharmacologic probes that oxygen free radicals are produced during asphyxia and reventilation in newborn lambs. However, brain production of oxygen free radicals was not measured.
The first purpose of our study was to test the hypothesis that superoxide anion radical is generated in the brain during asphyxia and reventilation in newborn pigs. The second purpose was to investigate the role of prostaglandin endoperoxide synthase in generation of superoxide anion. As an index of superoxide anion generation, we determined the amount of SODinhibitable NBT reduction on the cerebral surface.
MATERIALS AND METHODS
The animal protocols used were reviewed and approved by the Animal Care and Use Committee of the University of Tennessee, Memphis. Twenty-two newborn pigs (680 to 2000 g) of either sex, 1-5 d of age, were anesthetized with ketamine-hydrochloride (33 mg/kg intramuscularly) and acepromazine (3.3 mg/kg intramuscularly). Anesthesia was maintained with a-chloralose, 50 mg/kg i.v. initially and then 10 mg/kg i.v./h. A catheter was inserted into the femoral vein for injection of drugs and another catheter was inserted into the femoral artery to record blood pressure and to draw blood samples. The animals were ventilated with room air using a piston-type ventilator (Harvard Apparatus Co., Inc., S. Natick, MA). Temperature was maintained at 37-38°C by using a water-circulating heating pad. Closed cranial windows, as described previously (5, 8, 9) , were implanted over each parietal cortex. To implant the cranial window, the scalp was cut and reflected from the skull. A hole, approximately 2 cm in diameter. was made in the skull. An incision was made through the duia and arachnoid membranes and these membranes then were reflected over the edge of the bone. A stainless steel ring with a premounted glass coverslip was inserted in the hole. The window was cemented in place with dental acrylic. Three needles pierced the ring to allow injection of aCSF and NBT/SOD under the window and flushing of the brain surface with aCSF. The space under the window was filled with aCSF (Na+ 150 mmol/L, K+ 3 mmol/L, Ca2+1.25 mmol/L, Mg2+0.6 mmol/L, C1-132 mmol/L, glucose 3.7 mM, urea 6 mM, HCO3-25 mmol/L; pH 7.33, Pco2 6.1 kPa, Po2 5.7 kPa). The volume directly below the window was approximately 500 pL.
Experimental design. After placement of dual cranial windows in each animal, 20-30 min were allowed for stabilization. All animals received pavulon (pancuronium bromide) 0.1 mg/kg i.v. SOD-inhibitable NBT reduction was determined by placing NBT (Sigma Chemical Co., St. Louis, MO; 2.4 mM) dissolved in aCSF under one window and NBT (2.4 mM) plus SOD (Sigma Chemical Co., 60 U/mL) in aCSF under the other window. Then, 16 animals were randomized to control (n = 7) or asphyxia Received March 5, 1990 ; accepted August 3, 1990. (n = 9) groups. The control animals were ventilated with room occluding the endotracheal tube for 5-7 min based on the animal's tolerance to asphyxia. Ventilation was resumed when the animal exhibited severe bradycardia (heart rate <20 bpm) and/or blood pressure dropped to around 20 mm Hg. At the end of asphyxia, blood samples were taken for blood gas and pH analysis, and the animals reventilated with room air. At the end of 20 min (from the start of asphyxia through reventilation), the brain surface was flushed with aCSF. Therefore, the total amount of time the NBT/SOD solutions were under the windows was the same for all animals. Immediately after flushing the brain surface with aCSF, the animals were killed by i.v. injection of KC1 and bled. A thin slice of the cortex under each cranial window was removed and frozen for later analysis. In a separate group ( n = 6), 30 min before asphyxia, piglets received indomethacin (5 mg/kg/i.v.) and the previously mentioned protocol (asphyxia plus reventilation) was repeated. We have shown previously that this dose of indomethacin reduces CSF levels of prostanoids under the window to nondetectable levels and blocks increases in CSF prostanoid levels to physiologic and pharmacologic stimuli (12, 13) . NBT is a yellow, water-soluble substance that in the presence of reducing agents converts to formazan, an insoluble, purple precipitate. Although NBT can be reduced by a variety of agents, SOD provides specificity for the assay. The SOD-inhibitable NBT reduction is determined by the differences in quantities of formazan precipitated on the brain surface under the two windows. The purple precipitate always is located under each cranial window and doesn't extend beyond the border of the window. Consequently, there doesn't appear to be significant intermixing between windows of fluids injected into the windows. Kontos (14) has shown minimal intermixing of NBT solutions between windows in the cat. By comparing the results from the two windows, we measured the NBT reduction caused by superoxide anion radicals because superoxide anion radicals are dismutated in the presence of SOD. Formazan was extracted from the brain slices into pyridine using the following method: The brain slices were minced, homogenized, and disrupted in a mixture of 0.1 N NaOH and 0.1 % SDS in water. The volume was then increased to 3 mL with water, the mixture centrifuged at 20 000 x g for 20 min, and the resultant pellet resuspended in 3 mL pyridine. The formazan was dissolved in the pyridine during heating at 80°C for 1 h. A second centrifugation (10 000 x g for 10 min) removed any remaining particulate matter. The concentration of formazan in the resultant solution was determined (against a standard curve) spectrophotometrically at 5 15 nm. Formazan for use in the standards was prepared freshly by reducing NBT dissolved in aCSF (0.2 mg/mL) with ascorbate ( I mg/mL). The standard was then handled identically and simultaneously with the samples and diluted in pyridine to produce concentrations from 100 ng/mL to 2 mg/dL. The concentration of formazan against the light absorption is linear over this range. Values are presented as pmol NBT reduced/mm2 in 20 min. 
Statistical analysis. Values for SOD-inhibitable
NBT reduction and baseline values for arterial blood gases, pH, and pressure were analyzed using an analysis of variance and the StudentNewman-Keuls test. For comparison of values from baseline and asphyxia conditions for blood gases, pH, and arterial pressure, paired t tests were used.
RESULTS
All three groups of animals had comparable arterial blood gases, pH, and blood pressure at the start of experiment (Table  I) . Duration of asphyxia was 6 f 0.4 min for the nonindomethacin-treated group and 7 k 1 min for the indomethacintreated group. Asphyxia decreased arterial blood pressure markedly and produced severe hypoxemia and acidosis (Table 1) .
The SOD-inhibitable NBT reduction in the control group was minimal, whereas in the asphyxia/reventilated group, NBT reduction increased 4-fold (Fig. 1) . In the indomethacin-pretreated group, SOD-inhibitable NBT reduction was no different than that in the control group (Fig. 1) . DISCUSSION Our results indicate that superoxide anion radical is generated by the brain during asphyxia/reventilation in newborn pigs and that this generation can be eliminated by indomethacin pretreatment. In previous studies, we have determined superoxide anion production in piglets during ischemia/reperfusion ( 9 , the presence of extravascular blood on the brain surface (S), and bicuculline-induced seizures (9) . When comparing levels, we found that asphyxia/reventilation results in production of levels of superoxide anions comparable to that of ischemia/reperfusion and extravascular blood (Fig. 2) .
The cerebrovascular consequences of free radical production by brain during asphyxia/reventilation are not fully understood. However, altered cerebrovascular responses have been described as a consequence of asphyxia/reventilation in lambs (10, 1 1). In addition, based upon our earlier studies using other interventions that produce superoxide anion, we expect the cerebral circulation to be compromised. For example, cerebral ischemia/reperfusion or chronic presence of blood on the cortex result in sufficient cerebrovascular damage to alter responses to specific stimuli such as arterial hypercapnia and hypotension and responses to acetylcholine and norepinephrine (15) (16) (17) (18) (19) . A compromised cerebrovascular circulation would be at risk during additional episodes of asphyxia or any other insult or stress.
The specific events or conditions leading to superoxide anion production by brain are not known with certainty but can be suggested from knowledge of cardiovascular dynamics. We recently have characterized systemic and cerebrovascular responses to asphyxia and reventilation in piglets (20) . By 1 min of asphyxia, CBF increased dramatically to all brain regions. However, by 5-6 min, blood flow to cerebrum, caudate nucleus, and cerebellum fell to below baseline values due to severe hypotension. With the onset of ventilation, arterial blood pressure increases dramatically to values higher than baseline, and CBF remains elevated for at least 16 min. Based upon other studies, several stimuli for superoxide anion production are likely: I ) t p < 0.05, compared to "no asphyxia" baseline value.
$ p < 0.05, compared to corresponding baseline. Fig. I . Effects of n o asphyxia (control; n = 7), asphyxia a n d reventilation (n = 9), a n d indomethacin pretreatment plus asphyxia a n d reventilation (n = 6) o n SOD-inhibitable N B T reduction i n piglets. Values are mean + SEM. *, p < 0.05 compared t o control; +, p < 0.05 compared t o asphyxia/reventilation. Fig. 2 . Comparison of SOD-inhibitable N B T reduction i n piglets during reperfusion after cerebral ischemia, asphyxia/reventilation, blood o n the brain, a n d seizures. Although there is a tendency for SODinhibitable N B T reduction t o be greater i n the first three groups compared with the seizure group, the difference is not substantially significant using a one-way analysis of variance. Values are mean r SEM. Superoxide values are from previous publications for seizures (9) , ischemia/reperfusion (5), a n d blood o n the brain (8) .
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reintroduction of oxygen to ischemic brain; 2) the sudden rise in arterial pressure at the onset of reventilation (4); and 3) excessive release of excitatory amino acid transmitters (2 1). The increased levels of superoxide anions detected in our study are probably generated via the prostaglandin endoperoxide synthase pathway during reventilation and reintroduction of oxygen to the ischemic brain (22) . Asphyxia, when prolonged, results in cerebral ischemia, which causes release of arachidonic acid (23) and modest production of prostanoids (24) . Then, resuscitation with resultant reperfusion and reoxygenation would activate the prostaglandin endoperoxide synthase pathway further with production of prostanoids (24) and generation of oxygen free radicals. Our study doesn't rule out that substantial superoxide anion also could be produced during the asphyxia period, as has been suggested by Imaizumi et al. (25) . However, based upon an earlier study (24), we believe that most of the superoxide anion is produced during reventilation. In piglets equipped with a closed cranial window, we found only a small increase in prostanoids during asphyxia, whereas much greater amounts were produced during reventilation (24) . Consequently, if prostanoid production is linked to superoxide anion formation, most of the superoxide anion will be produced during reventilation. In other studies from our laboratories, we have shown that indomethacin pretreatment decreased the superoxide anion generation during ischemia/ reperfusion, blood on the brain, and bicuculline-induced seizures in newborn pig brain (5, 8, 9) . In our present study, the superoxide anion increase was virtually eliminated from cerebral cortex in asphyxia/reventilated piglets when they were pretreated with indomethacin. The sudden rise in arterial pressure at the onset of ventilation could generate superoxide anion. Kontos and colleagues (4, 7) have shown that increases in arterial pressure by pharmacologic means or secondary to concussive head trauma leads to production of large amounts of superoxide radicals. Indomethacin limits this superoxide anion production during arterial hypertension and concussive brain injury (4, 7).
Our work extends and is complementary to that of three other laboratories. Thiringer et al.
( 1 1) found that treatment of asphyxiated newborn lambs with oxygen-free radical scavenger limited loss of somatosensory-evoked potentials and preserved increased postasphyxia CBF for a longer period of time. In addition, Rosenberg et al. (10) showed that administration of SOD and catalase prevented postasphyxia hypoperfusion in lambs. Further, Ment et al. (26) showed that i.v. administration of SOD protected puppy brain against intraventricular hemorrhage. Indomethacin at the dose used does not appear to be an oxygen free radical scavenger, because it eliminates the radicals that are produced via the endoperoxide synthase pathway and not the radicals that are generated via the lipoxygenase pathway (22) . Also, indomethacin inhibited generation of superoxide anion by activated platelets, but not by activated neutrophilic granulocytes (S), indicating further that only superoxide generated via endoperoxide synthase-dependent mechanisms is inhibited by indomethacin. In summary, during asphyxia/reventilation, superoxide anion is produced via the prostaglandin endoperoxide synthase pathway in the newborn pig.
